ABSTRACT In the present study, we reveal for the first time that the Bactrocera oleae chorion peroxidase (bPxd) participates essentially in B. oleae chorion formation and clearly represents the homologous member of Drosophila melanogaster chorion peroxidase (Pxd). Comparative sequence analysis disclosed that the bPxd cDNA semi-central region, which encodes for the putative catalytic domain of the enzyme, exhibits great homology (98%) with its Pxd counterpart. Thus, it is very likely that bPxd is highly responsible for the chorion hardening process, through protein cross-linking mediated by the formation of di-and tri-tyrosine bonds. Distinct molecular weight bPxd RNA transcripts were detected in Northern blotting analysis of total RNA extracts of adult flies (2.9 and 1.7 kb) and ovaries (2.2 kb). The ovarian-specific bPxd RNA transcript is selectively expressed in the follicle cell layer during the late stages of oogenesis 12-14, as revealed by in situ hybridization. Moreover, reverse transcription reactions confirmed the stage-specific developmental regulation of the bPxd gene, which is maximally expressed during stage 13. Western blotting with the rabbit anti-rAePO polyclonal antibody revealed three immunoreactive bands of 76, 66 and 54 kDa in crude protein extracts from adult flies, while in larva and purified chorion preparations, a unique 54 kDa band was clearly detected. Immunolocalization experiments revealed that bPxd peroxidase constitutes an essential structural chorionic component, being abundantly localized in all the successive chorionic layers and vitelline membrane as well.
Introduction
The egg of the olive fly, Bactrocera oleae (Diptera, Tephritidae), is laid inside olives and the larva eventually destroys the fruit. The oocyte is enveloped by several distinct layers, which are produced during the late stages of oogenesis, named choriogenesis. The assembly process of a physiologically developed eggshell, or chorion, in B. oleae provides an excellent in vivo model system to thoroughly describe the fundamental molecular mechanisms governing various complicated networks of protein-protein specific interactions and intercalation events mainly characterized by the infiltration and interjection of tardily synthesized proteins into precociously preformed scaffolds (Trougakos and Margaritis, 1998a) .
The chorion, a "sophisticated" complex structure that surrounds the main body of the egg outside of the thick vitelline membrane, includes a "wax" layer, an innermost chorionic layer (ICL), an endochorion consisting of inner and outer layers interconnected with pillars and cavities similar to their counterparts in proteinaceous components (Regier and Kafatos, 1985) , except from the fibrous exochorion, which mainly contains polysaccharides. Chorion proteins are deposited in sequential distinct groups in overlapping layers, according to an accurate developmental program of the follicular epithelium, which is exclusively responsible for the formation of the chorion structure. The six major chorion proteins of D. melanogaster are classified in three discrete subgroups as "early" (S36, S38), "middle" (S16, S19) and "late" (S15, S18), according to the egg chamber developmental stage they are selectively produced and secreted. The chorion genes of the major structural proteins are highly conserved among all Diptera species, studied so far (Vlachou et al., 1997) and they comprise a representative and elegant example of differentially amplified gene clusters, being asynchronously regulated in the various follicle cell subpopulations (Parks and Spradling, 1987; Trougakos and Margaritis, 1998b) .
Following the complicated protein-protein interactions and intercalation events occurring during the chorion formation process, the final step in producing a functional and completely assembled chorion is the insolubilization, or hardening, reaction, which, in Drosophila, is mainly catalyzed through a chorion peroxidase-mediated di-and tri-tyrosine bonds generation among the major and likely the minor, chorion proteins. Strong peroxidase activity has been histochemically detected in the chorion of Drosophila (Mindrinos et al., 1980; Trougakos and Margaritis, 2002) , as well as in the chorion of Ceratitis capitata, B. oleae (Margaritis, 1985b; Mouzaki and Margaritis, 1991b) and Eurytoma amygdali (Mouzaki and Margaritis, 1994) . The function of the enzyme is upregulated, during the last stage of oogenesis (stage 14) , by the presence of endogenously synthesized and released hydrogen peroxide (H 2 O 2 ) molecules. When Diptera species were treated in vivo with the, widely used, peroxidase inhibitor phloroglucinol there was a complete inhibition of the chorion peroxidase activity detected, tightly accompanied with the production of non-matured and finally non-survived eggs, in all the affected insects (Keramaris et al., 1996) .
Due to the significant economic damage caused by the olive fly in the agricultural crop production, a number of genetically modifying methods have been developed in order to encounter and control this calamitous situation. The primary initiative and basically one of the most representative and fundamental approaches, is the sterile insect technique (SIT), which is defined as the sterilization by irradiation protocol (Anwar et al., 1971) . The prospects for improving the SIT technology, through the construction of genetically modified stable strains, permitting the release of only male sterile flies (Louis et al., 1987) , have been significantly enhanced by the revolutionary development of a powerful and efficient transformation system for C. capitata (Loukeris et al., 1995) .
In the present study, we demonstrate that the B. oleae chorion peroxidase, bPxd, a highly homologous member with the Drosophila Pxd peroxidase (Konstandi et al., 2005) , plays an essential role and participates with a dual fashion in the chorion assembly and formation process. The totality of our conclusions derived from (a) Southern blotting, (b) Northern blotting, (c) semi-quantitative RT-PCR reactions, (d) in situ hybridization analysis, (e) Western blotting and (f) immunolocalization approaches (Light Microscopy immunodetection and Transmission Electron Microscopy immunogold labelling), compared with previously reported data concerning the Drosophila Pxd peroxidase (Konstandi et al., 2005) , strongly suggest for the presence of a highly conserved mechanism of chorion hardening process among all Diptera. Thus, by exploiting the diverse and especially the genetically developed, technologies for pest control, the B. oleae chorion peroxidase, bPxd, could comprise a crucial protein to be directly targeted in vivo, in order to develop highly successful protocols for a large variety of agricultural applications.
Results

Strong phylogenetic conservation of bPxd cDNA
Two specific primers were designed, the forward pQUE and the reverse pQUErev, according to sequences corresponding to conserved regions among insect and mammalian peroxidase genes (Konstandi et al., 2005) . A 0.5 kb cDNA fragment was amplified through a reverse transcription-PCR (RT-PCR) approach, using as a template the total RNA preparation purified from dissected B. oleae ovaries and subsequently cloned into the pGEM-T-easy vector, according to manufacturer's instructions.
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). An unchallengeable restriction profile of a single copy gene was observed. (B) B. oleae gDNA preparations, isolated from adult female flies without ovaries (F -/-), adult male flies (M), ovaries (Ov) and larvae (L), were digested with the restriction endonuclease EcoRI and subsequently separated by agarose gel electrophoresis. After transfer, the blot was hybridized, under high stringency conditions, using as probe the 0.5 kb bPxd cDNA fragment. The similarities among all the positive signals obtained (4.5 kb EcoRI genomic fragments), in all the analyzed DNA preparations (F -/-, M, Ov and L), strongly indicate the absence of any amplification event in the bPxd genetic locus. The upper part of (A,B) shows a developed autoradiograph, while the bottom part illustrates the ethidium bromide-stained agarose gel before transfer. The 0.5 kb bPxd cDNA fragment was purified and used for high stringency Southern blotting of B. oleae genomic DNA (gDNA) isolated from adult flies (females without ovaries and males) and subsequently digested with the EcoRI, BamHI, PstI and HindIII restriction endonucleases (single or double incuba-Comparative analysis of the DNA sequencing data revealed an identity of 98% with the Drosophila Pxd cDNA clone, previously isolated by Konstandi et al. (2005) , exhibiting only two "silent" nucleotide differences (without any impact on the amino acid sequence of the protein) and also showing significant homologies with the mammalian myeloperoxidase (MPO), thyroid peroxidase (TPO) and eosinophil peroxidase (EOS) (data not shown). The cloned 0.5 kb bPxd cDNA fragment likely corresponds to the catalytic domain (CD) of the B. oleae putative peroxidase and thus was selected as the most suitable probe for all hybridization experiments.
The gene amplification rule does not apply for the single copy gene bPxd
Similarly to what has been previously reported for D. melanogaster (Konstandi et al., 2005) , a single copy homologous gene (bPxd) is presented to occur in the B. oleae genome, according to the Southern blotting analysis of genomic DNA (Sambrook et al., 1989) purified from adult flies, subsequently digested with different restriction endonucleases (EcoRI, BamHI, PstI and HindIII) and finally, after band-separation and blotting, hybridized against the 0.5 kb RT-PCR fragment directly generated from total RNA extracts of dissected ovaries, containing choriogenic-specific follicles (Fig. 1A) .
The tissue-specific (F -/-, M, Ov and L) Southern blotting technique (Sambrook et al., 1989) clearly demonstrates that the bPxd genetic locus does not follow any gene amplification rule, in all the tested DNA extracts (Fig. 1B) . As it is illustrated in Fig. 1B , there were not any detectable differences observed of the obtained hybridization patterns among the various DNA extracts, strongly suggesting that the bPxd genetic locus is not specifically amplified during -late-oogenesis (choriogenesis), as it has been clearly demonstrated for the Drosophila six major chorion genes (S38, S36, S19, S18, S16 and S15).
Ovarian-specific expression pattern of the bPxd gene
The tissue-specific profile of the bPxd transcriptional activity was assessed in total RNA extracts purified from adult female flies without ovaries (F -/-) and ovarian (Ov) tissues. Strong transcriptional expression of the bPxd gene was clearly detected in adult flies samples, as a major 2.9 kb thick band and a second 1.7 kb minor one. Interestingly, the positive signal observed in the ovarian extract corresponded to a 2.2 kb bPxd RNA transcript (Fig. 2) . Since the bPxd peroxidase gene is represented only once (single copy gene) in the haploid version of the B. oleae genome (Fig. 1A) , it is very likely that the 2.2 kb transcript is differentially produced through a tissue-specific alternative splicing (maturation) mechanism. Its weak representation observed in the ovarian tissue preparation (Fig. 2) (also confirmed by dot-blot RNA assays, data not shown) could be derived either by the low efficiency of the splicing (maturation) mechanism, or by the enhanced and strengthened post-transcriptional modification process directly resulting into the targeted RNA destabilization and degradation.
The complicated expression profile of the bPxd gene (three RNA transcripts of 2.9, 2.2 and 1.7 kb) dictates the importance and physiological significance of its produced proteins (likely discrete peroxidase forms) in the development, function and behavior of a large variety of somatic (F -/-) and germ-line (Ov) cells. Even though there is no conclusive evidence for the in vivo biological role of the somatic-specific 2.9 and 1.7 kb RNA transcripts, the germ-line (ovarian)-specific 2.2 kb RNA transcript likely encodes for the B. oleae chorion peroxidase, as it has been similarly suggested before, in the case of D. melanogaster Pxd homologous gene (Konstandi et al., 2005) .
Developmental regulation of the bPxd gene during choriogenesis
The stage-specific expression profile of the bPxd gene during the late stages of oogenesis was detected by a semi-quantitative RT-PCR approach, performed on choriogenic (11-14) follicle total RNA preparations, using the pQUE and pQUErev specific primers (Fig. 3) . The amplified RT-PCR products, of 0.5 kb each (fbQR11-fbQR14), of the four developmental stages were agarose-electrophoresed and the obtained image was subsequently processed through a Gel Analyzer system (Biosure, Athens, Greece). Accurate quantitative analysis demonstrated that the bPxd folliclespecific RNA levels increase significantly from stage 11 up to 13, with a detectable reduction during stage 14 (Fig. 3) . As expected, the fbRib RT-PCR fragment (0.5 kb), reflecting the response of the developmentally non-regulated gene bRpb1, was equally amplified in all the four stage-specific RNA extracts. The 4-fold (4 Fig. 2 (Left) . The ovarian-specific expression of the bPxd gene results in the production of a 2.2 kb RNA transcript. 15 µg of total RNA isolated from adult female flies without ovaries (F -/-) and ovaries (Ov), were fractionated in 1% denaturing formaldehyde agarose gel. The 0.5 kb bPxd cDNA fragment isolated from B. oleae choriogenic follicles was used as probe. All the analyzed RNA extracts were carefully quantified based on the 28S and 18S band-intensities, after ethidium bromide staining before transfer (bottom part). The production of an ovarianspecific 2.2 kb RNA transcript (Ov) and two additional 2.9 and 1.7 kb distinct RNA transcripts (F -/-) (upper part) are indicative of the presence of a tissue-specific alternative splicing (maturation) mechanism.
Fig. 3 (Right). Developmental regulation of the bPxd gene during late oogenesis (choriogenesis).
RNA preparations from different stages of choriogenic follicles (11-14) were subjected to semi-quantitative RT-PCR using pQUE and pQUErev D. melanogaster Pxd gene-specific primers, finally resulting into the generation of a 0.5 kb fragment [fbQR (fbQR11-fbQR14)] (upper part). Amplification of a 0.5 kb B. oleae riboprotein gene fragment (fbRib) was also achieved (using the pRibf and pRibr D. melanogaster Rpb1 gene-specific primers), as a quantitative control of the reactions (bottom part). The highest level of bPxd RNA transcript accumulation was clearly detected during choriogenic stage 13 (fbQR13).
x) enhancement (software data not shown) of the bPxd RNA transcripts accumulation during stage 13 (compared to stage 11) could be likely attributed either to the post-transcriptional events controlling RNA stability, or to the differential efficiency of the splicing (maturation) process, which could be both tightly regulated in a stage-specific manner during late oogenesis. The chorion protein cross-linking reactions are activated during stage 14, when the developing follicles and more specifically the chorionic layers, should be highly enriched with fully functional bPxd peroxidase activity (also correlate with Figs. 6 and 7).
One could easily envision a master regulatory mechanism of the coordinative transcriptional expression of all the chorionic genes (major and minor), essentially controlling the chorion dynamics and assembly. The above speculation is highly supported by the presence of the so-called "chorion box" (TCACGT cis-element) in the proximal promoter region (-61) of the D. melanogaster Pxd homologous gene (Konstandi et al., 2005) .
Follicle cells, but not the oocyte, selectively produce bPxd RNA transcripts, as revealed by an in situ hybridization approach follicles were isolated in Ringer's solution and immediately subjected to a whole-mount in situ hybridization process (Fig. 4) . Through the antisense riboprobe-mediated hybridization reactions we were able to demonstrate that the endogenous bPxd RNA transcripts were selectively synthesized in the epithelial follicle cells of all the choriogenic egg chambers tested (Fig. 4A ). The production levels and accumulation rates of the bPxd RNA transcripts in the follicle cell subpopulations were significantly enhanced during stages 12 and 13 ( Fig. 4A) , elegantly confirming the results of the RT-PCR approach illustrated in Fig. 3 . Interestingly, the whole oocyte area was found to be absolutely devoid of any detectable trace of the bPxd gene expression (no positive in situ hybridization reaction could ever be observed), strongly suggesting for the presence of a follicle cell layer-specific regulatory mechanism tightly controlling the bPxd transcriptional activity during late oogenesis. The specificity of our modified technical protocol was clearly documented by the absence of any positive signal developed in all the sense probe-mediated in situ hybridization reactions (Fig. 4B ). The follicle cell layer-specific bPxd gene expression is directly associated with the stage-specific activation of the B. oleae chorion peroxidase that plays an essential role in the completion of follicle maturation and chorion assembly/cross-linking.
The enzymatic component of B. oleae chorion is the 54 kDa bPxd peroxidase
In the preparations of male (M) and female without ovaries (F -/-) adult flies, one major immunoreacting band of 54 kDa and two minor ones of 66 and 76 kDa, respectively, were developed after the completion of the Western blotting process with the ECL reagents (Fig. 5A ). On the other hand, in chorion (C) and 
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larva (L) extracts only one protein band, having a molecular weight (MW) of 54 kDa and exhibiting a strong binding affinity with the anti-rAePO polyclonal antibody, could be easily detected (Fig. 5A) . Interestingly, the oocyte (Oc) sample (proven to be a valuable internal negative control) did not seem to contain any immunoreacting component, demonstrating the specificity of our technical protocol (Fig. 5A ). Figure 5B illustrates the Ponceau staining of the nitrocellulose membrane, after ECL treatment, verifying the comparable protein concentration, gel loading and electro-transfer efficiency among all the analyzed crude extracts (M, F -/-, L, Oc and C). As it has been previously observed for the homologous Pxd protein, the D. melanogaster chorion peroxidase (55 kDa) was found to be 22 kDa smaller than the putative protein deduced from the fulllength cDNA clone (77 kDa) (Konstandi et al., 2005) . Thus, the 54 kDa B. oleae chorionic component could be likely generated by distinct follicle-specific post-translational proteolytic cleavages of the 76 kDa precursor protein, as similarly shown for the Aedes aegypti AePOx peroxidase (Zhao et al., 2001) and strongly suggested for the D. melanogaster Pxd peroxidase (Konstandi et al., 2005) . The rabbit anti-rAePO polyclonal antibody was raised against the A. aegypti AePOx peroxidase and could immunorecognize, with comparable binding specificity and affinity, both the recombinant Pxd (rPxd) peroxidase [produced by the Pichia pastoris expression system (Konstandi .000) of a thin-sectioned (stage 14) follicle preparation similar to (A). Goat anti-rabbit IgG conjugated to 10 nm gold particles was used as the secondary antibody for (A,B,C). It is apparent from both (A) and (B) that all the chorionic successive layers are characterized by a high density of bPxd peroxidase molecules, which are distributed rather unevenly, without a regular pattern, all over the chorionic surface. It has been repeatedly observed that the exochorion (ex) and the outer endochorion (oe) exhibit significantly higher gold particle densities in comparison with the pillars (p), the inner endochorion (ie) and the innermost chorionic layer (ICL). The biological importance of this differential accumulation is still unknown and needs further exploration. The thick vitelline membrane (vm) is also specifically labelled, whereas the whole oocyte area (oc) and the surrounding resin are virtually devoid of gold particles (also correlate with Figs. 5 and 6). 5 ; data not shown). In sum, all the above data indicate that the essential enzymatic component of the B. oleae chorion structure is the 54 kDa bPxd peroxidase, likely produced through an ovarian (follicle)-specific proteolytic process.
One of the essential structural elements of B. oleae chorion is bPxd peroxidase
The rabbit anti-rAePO polyclonal antibody was used to reveal the specific localization and distribution of B. oleae chorion peroxidase molecules in both light and electron microscopy sections of staged (14) follicles, during late oogenesis. All the light microscopy sections were treated with the goat antirabbit IgG conjugated to the HRP enzyme, as the secondary antibody (Fig. 6) , while the goat anti-rabbit IgG conjugated to 10 nm gold particles was selected as the secondary antibody for all C A B the electron microscopy immunodetections (Fig. 7) . In both approaches, strong positive signals were clearly observed in distinct areas of chorion structure. On the other hand, whenever either the primary or the secondary antibody was omitted (negative controls) from the immunoreaction procedure no signal could ever be obtained (Figs. 6B and 7C ), demonstrating the specificity of our technical protocol. Figure 6A reveals that the bPxd peroxidase is selectively localized in the chorion structure (ch) of a stage 14 follicle and, as expected (Fig. 5A) , is completely absent from the whole oocyte area (oc) (also see Fig. 7 ). More specifically, as it is clearly shown in Fig. 7 (A and B) , a large number of gold particles could be easily detected in the exochorion (ex), the outer endochorion (oe), the pillars (p), the inner endochorion (ie), the innermost chorionic layer (ICL) and the thick vitelline membrane (vm). Interestingly, all the successive chorionic layers are characterized by an enriched and high density dispersed pattern of the bPxd protein distribution (as reflected by the abundance of the 10 nm gold particles), strongly indicating the essential structural role of the bPxd peroxidase in the chorion assembly process, during B. oleae late oogenesis.
Discussion
Significant conservation of chorion genes (chromosomal loci, coding sequences and promoter regulatory elements) has been observed in all Diptera species studied so far, including Drosophila, Bactrocera and Ceratitis (Foster et al., 1981; Vlachou et al., 1997) . Several highly preserved features have been reported, while novel and unique events during molecular evolution have been clearly identified. One of the most impressively conserved characteristics is the presence of extremely homologous gene clusters in Drosophila, Bactrocera and Ceratitis, organized with the same order and orientation. This genetic invariability for approximately 120 million years (Beverley and Wilson, 1984) is in striking contrast to the radical differences in chorion gene structure and organization in between fly and silkmoth species, which have been separated twice as long in evolution (Sourmeli et al., 2003) . The proteins encoded by chorion genes of various Diptera species have retained sufficient similarities at the sequence level to be identified with their Drosophila homologous members, but have otherwise diverged drastically, confirming the generalization that chorion proteins evolved very rapidly (Martinez-Cruzad et al., 1988) .
All the chorion genes are selectively expressed in the follicle cell layer during the late stages of oogenesis (choriogenesis). Structural analysis of their proximal promoter regions has revealed the presence of a hexamer nucleotide cis-regulatory sequence, "TCACGT" (also known as "chorion box"), which has been found to be identical not only in a large variety of Drosophila species, but in other insects as well, such as C. capitata and Bombyx mori (Sourmeli et al., 2003) . Interestingly, the "TCACGT" sequence has been also observed in the Drosophila Pxd proximal promoter region (along with additional common cis-regulatory elements), likely regulating the Pxd peroxidase gene transcriptional activity during choriogenesis (Konstandi et al., 2005 ; data not shown). Comparative sequence analysis of the Pxd, S38 and S15 proximal promoter regions revealed the presence of distinct transcription-controlling elements, including the "TCACGT" "chorion box" (data not shown), strongly suggesting that a common regulatory mechanism could be directly involved in the coordinative transcriptional regulation of peroxidase and chorion genes.
The conserved genome organization and structure within Diptera species may be related to the apparently ancient, with the exception of silk moths, invention of a chorion gene amplification developmental mechanism that allows the rapid chorion formation, during late oogenesis, through the activation of a small number of structural genes (Spradling and Mahowald, 1980; Spradling, 1981; Osheim and Miller, 1983; Osheim et al., 1988) .
In the present study, we demonstrate an extremely strong level of conservation, concerning the essential physiological roles of chorion peroxidase in both D. melanogaster (Konstandi et al., 2005) and B. oleae (this report) Diptera species, as revealed by comparative: (a) partial cDNA sequence analysis, (b) genetic locus rough organization, (c) stage-and cell-specific transcriptional expression patterns, (d) gene product immunocharacterization and (e) peroxidase immunolocalization.
Comparative DNA sequence analysis revealed a striking identity of 98% in between the 0.5 kb RT-PCR cDNA fragment (likely encoding for the putative catalytic domain of the enzyme) of the B. oleae bPxd gene and the D. melanogaster Pxd peroxidase gene, which was previously reported to encode for the critical enzymatic component of the D. melanogaster chorion structure (Konstandi et al., 2005) . The bPxd putative peptide exhibits significant amino acid similarities with distinct invertebrate peroxidase family members (data not shown), including the Pxd (Konstandi et al., 2005) , the AePOx (Zhao et al., 2001) , the Pxt (Vasquez et al., 2002) and the A. aegypti CPO protein (Li et al., 2004) .
As it is clearly revealed by Southern blotting analysis, the B. oleae genome contains a single copy bPxd gene, which is not differentially amplified during choriogenesis, in the contrary to what has been previously shown for the six major chorion genes (Vlachou et al., 1997) . These observations could likely substantiate the dual essential role of the bPxd gene product in the chorion assembly process during late oogenesis. Even though the bPxd peroxidase represents a fundamental structural component of B. oleae chorion (Figs. 5, 6 and 7) , the demands for enhanced protein synthesis seem to be accomplished without the involvement and activation of a gene amplification process. On the other hand, the six major chorion genes follow a developmentally regulated amplification program, resulting in the production of large amount of proteins with essential structural roles in the chorion assembly and organization (Vlachou et al., 1997) . Thus, the molecular stoichiometry, regarding the participation ratio in the chorion structure, between the bPxd peroxidase and a representative chorionic protein (one out of six), could be likely favored over the latter (1: >1), indicating the presence of major differences between their regulatory networks tightly controlling either the mRNA or protein stability. Moreover, the potential ability of the bPxd peroxidase to "flow around" the "chorionic micro-environment", performing its enzymatic cross-linking functions, could be directly associated with the absence of an amplification process, since adequate levels of protein production could be achieved through a single transcriptional activation mechanism.
Two RNA transcripts (2.9 and 1.7 kb, respectively) of the bPxd gene are observed in total RNA extracts from adult flies (F -/-), while the B. oleae isolated ovaries (Ov) are characterized by a single 2.2 kb RNA transcript. This tissue-specific expression pattern could be likely resulted by the activation of a developmentally regulated alternative splicing (maturation) process. We strongly believe that ovarian-specific distinct splicing factors are directly involved in the generation of 2.2 kb mature transcripts from precursor RNA molecules that either are provided maternally or are de novo synthesized in the follicle cell layer. In both cases, our inability to detect high molecular weight RNA precursor transcripts dictates the occurrence of a high efficiency and fidelity ovarian-specific differential splicing (maturation) mechanism. As it is demonstrated by an RT-PCR approach (Fig. 3) , the bPxd gene activity can be clearly detected throughout the whole choriogenic period (stages 11-14), exhibiting the highest RNA accumulation levels during stage 13. Even though in stage 14 of oogenesis the bPxd RNA levels are somehow diminished, they still remain traceably higher than the ones observed in stages 11 and 12. The developmental control of the bPxd gene expression could be mediated either by a stage 13 up-regulated transcriptional mechanism, or by a stage 11 up-regulated post-transcriptional RNA destabilization (degradation) process. The strongest accumulation of the bPxd ovarian-specific RNA transcripts during stage 13 is directly associated with the completion of follicle maturation and developmental activation of chorion peroxidase function, both occurring during stage 14 of B. oleae late oogenesis.
The in situ hybridization technology clearly demonstrates the follicle cell-specific production of the bPxd RNA transcripts, also revealing their complete absence from the developing oocyte. This differential bPxd gene expression during late oogenesis could be likely attributed to a cell-specific transcriptional activation mechanism, without being able to exclude distinct posttranscriptional RNA stabilization events. Using both RT-PCR (Fig. 3) and in situ hybridization (Fig. 4) approaches, we have clearly shown that the developmental period of the ovarianspecific highest bPxd RNA transcripts accumulation is designated at stage 13, even though adequate levels of agglomerated RNA transcripts can be also detected during all the choriogenic stages tested. The follicle cell layer-specific bPxd RNA expression levels are highly enriched at both the anterior and posterior pole of stage 13 follicles (data not shown), an observation that is directly associated with the specific staining obtained when isolated B. oleae follicles are treated in vitro with either guaiacol or o-diaminobenzidine, two widely used synthetic compounds capable of sensitively detecting peroxidase activity (data not shown).
When protein extracts from male (M) and female without ovaries (F -/-) flies were subjected to Western blotting analysis, one major band of 54 kDa and two minor ones of 66 and 76 kDa, respectively, could be specifically immunodetected. Interestingly, in the larva (L) and chorion (C) crude protein extracts only one thick band was clearly identified at 54 kDa (Fig. 5) . As expected by the in situ hybridization results (Fig. 4) , the oocyte (Oc) protein preparation was found to be devoid of any detectable signal, even after long exposures of the corresponding autoradiographs (data not shown). Since the primary rabbit polyclonal antibody was raised against the A. aegypti AePOx peroxidase, we strongly believe that the 54 kDa protein represents the B. oleae chorion peroxidase, which appears to contain strong antigenic similarities with the AePOx homologous protein (Fig. 5) . These conclusions are also highly supported by: (a) the comparable strong binding affinity of the rabbit anti-rAePO polyclonal antibody either onto the D. melanogaster recombinant Pxd (rPxd) peroxidase (Konstandi et al., 2005) , or the B. oleae 54 kDa chorionic protein ( Fig. 5 ; data not shown), combined with (b) the impressive nucleotide identity (98%, data not shown) in between the D. melanogaster full-length Pxd cDNA clone and B. oleae partial (0.5 kb) bPxd cDNA fragment.
The 54 kDa peroxidase is likely produced through a posttranslational proteolytic process, specifically activated in various subpopulations of the follicle cell layer during choriogenesis. Similarly, distinct proteolytic cleavages, probably occurring in a tissue-specific manner, of the 76 kDa precursor molecules could be directly involved in the generation of the 66 and 54 kDa proteins detected in the adult flies (M and F -/-) extracts.
The activated peroxidases are targeted to annihilate the destructive capacity of oxygen radical species, demonstrating their essential roles into the defense and detoxification systems of these tissues. Thus, it is very likely that the 76, 66 and 54 kDa proteins could confer similar protection shields against oxygen radicals-mediated destruction in the cell populations they are selectively produced. Having established that the completion of B. oleae oogenesis is mainly characterized by the H 2 O 2 -mediated chorion hardening (Mouzaki and Margaritis, 1991a; Margaritis and Mazzini, 1998) , it seems reasonable to speculate that the 54 kDa peroxidase is directly involved in both the protein crosslinking process and the detoxification protection mechanism of the developing follicles. Since there are a limited number of reports describing the in vivo physiological functions of various peroxidases in different tissues, such as the nervous system (Ichmiya et al., 1997) and muscle (Knopp et al., 1999) , the extensive study of the bPxd protein forms in B. oleae development and morphogenesis is an extremely important biological issue that needs further exploration.
Both Light (Fig. 6 ) and Transmission Electron Microscopy (Fig.  7) immunodetection approaches have unambiguously confirmed the Western blotting analysis data (Fig. 5) , clearly revealing the chorion-specific localization of the B. oleae bPxd peroxidase. As expected, all the immunoreacting areas are restricted in the chorion structure (ch) and the vitelline membrane (vm), while the oocyte (oc) is completely deprived from the presence of any detectable bPxd protein. More specifically, as it is shown by the immunogold labelling technology, the bPxd peroxidase is specifically observed at a high density in all the successive chorionic layers of a stage 14 developing follicle. As illustrated in Fig. 7 , the exochorion (ex), the endochorionic sub-layers [outer endochorion (oe), pillars (p) and inner endochorion (ie)], the innermost chorionic layer (ICL) and the thick vitelline membrane (vm) are all highly enriched in gold particles (bPxd proteins), strongly indicating the essential biological significance and contribution of the bPxd peroxidase in the B. oleae chorion physiology. Interestingly, it was previously reported for B. oleae species, through an in situ cytochemistry approach, that, beyond the chorionic layers, the vitelline membrane also contains a strong H 2 O 2 -regulated peroxidase activity (Margaritis, 1985a) . The strong immunoreactivity of the rabbit anti-rAePO polyclonal antibody with the 54 kDa chorionic component (Fig. 5 ), in combination with the dense topology and abundance of the gold particles (Fig. 7) , strongly suggest for the presence of a dual fundamental role of the bPxd peroxidase in chorion structure and assembly. In other words, the 54 kDa protein form most likely constitutes an essential and critical structural element of the B. oleae chorion scaffold, being in all probability also responsible for the chorion hardening process, through a H 2 O 2 -dependent and di-/ tri-tyrosine bond-mediated protein cross-linking mechanism.
All the above data, reported for the first time in the present study, strongly support the notion that the chorion peroxidase is a highly conserved (structurally and functionally) protein among Diptera species and especially among insects with significant economic impact and importance. The evolutionary conserved and most likely dual (enzymatic and structural) fundamental role of chorion peroxidase in the formation of a physiologically assembled and completely functional chorion structure could allow us to propose the development of a novel bPxd-dependent sterile insect technique (SIT) protocol, bearing highly efficient and powerful biological properties. Interestingly, a preliminary study has been previously reported, in which in vivo treatment with the potent peroxidase inhibitor phloroglucinol resulted in the production of non-matured and finally non-survived eggs (Keramaris et al., 1996) . Alternatively, the chorion peroxidase gene could be easily considered as a suitable target locus for the development of genetically engineered insect strains, in order to produce novel and unique biological control methods for auspicious pest management.
Materials and Methods
All tissues used in the present study (adults, larvae, follicles and eggs) derived from a wild type strain B. oleae flies culture being collected in Ringer's medium at 25ºC, in a walk-in environmental chamber.
Strains and growth media
The DH5α Escherichia coli bacterial strain was used for the cloning steps and final propagation of the pGEM-T-bPxd recombinant plasmid (see below).
Semi-quantitative RT-PCR
Follicles of discrete choriogenic stages (11-14) (~ 30/stage) were hand-dissected in Ringer's solution and subsequently subjected to RT-PCR (Reverse Transcription-Polymerase Chain Reaction), using the RETROSCRIPT kit (Ambion), according to the supplier's recommendations. 200 ng of total RNA were used for the RT-PCR reactions. The DNA sequences of the specific primers pQUE-pQUErev and the PCR protocol used are given elsewhere (Konstandi et al., 2005) . All the RNA preparations were quantitated by pRibf-and pRibr-mediated PCR reactions, which could specifically amplify part of the B. oleae Rpb1 gene. The 0.5 kb cDNA fragment (bPxd) was subcloned into the pGEM-T-easy vector (Promega), as recommended by the manufacturer.
DNA sequencing
Sequencing reactions were performed by the MWG-Biotech Company. The obtained results were analyzed using the BLAST software from NCBI.
Southern blotting
Genomic DNA was prepared from B. oleae adult flies (females without ovaries and males), larvae and ovaries, according to Holmes and Bonner protocol (1973) . Purified DNA was digested with the appropriate restriction endonucleases, size fractionated in a 1% agarose gel and finally blotted overnight onto a nylon membrane (Amersham), according to Sambrook et al. (1989) . The radioactive 32 P-dATP cDNA probe (0.5 kb bPxd cDNA fragment) was generated using a random priming labelling kit (Promega), following the manufacturer's instructions. All the hybridization reactions were performed into a Church hybridization buffer, under high stringency conditions (65ºC).
Northern blotting
Total RNA was prepared, according to Jacobs-Lorena protocol (1980), as modified by Bouhin et al. (1992) , from ovary-ectomized female adult flies (F -/-) and ovaries (Ov). The RNA extracts (15 µg each) were separated in a denaturing formaldehyde 1% agarose gel and subsequently transferred onto a nylon membrane (Amersham), according to Sambrook et al. (1989) . The filters were hybridized with a randomly labelled 32 P-dATP cDNA probe (0.5 kb bPxd cDNA fragment), under high stringency conditions (65ºC).
In situ hybridization
Sense and antisense riboprobes were generated against the cloned 0.5 kb bPxd cDNA fragment (pGEM-T-bPxd recombinant construct) and in situ hybridization reactions were performed as following: ovaries were dissected into Ringer's solution and fixed in solution I (2 mM MgSO4, 0.1 M Hepes pH 6.9, 1 mM EDTA and 4% formaldehyde) for 30 min at room temperature. After rinsing in PBS-T (PBS {Phosphate-Buffered Saline: 0.137 M NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.4} + 0.05% Tween-20) for 20 min, the follicles were incubated for 20 min in PBS-T containing 4 mg/ml non-predigested Proteinase K (Sigma). Prehybridization and initial washes in hybridization buffer (50% formamide, 5X SSC, 0.1% Tween-20, 100 µg/ml salmon sperm and 100 µg/ml heparin) were all performed at 56ºC. Alkaline phosphatase (AP)-conjugated anti-digoxigenin antibody (Boehringer-Manheim) was used in a dilution of 1:2000. Following rinsing and staining reactions [APB (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris-HCl pH 9.5, levamisole and 0.1% Tween-20, 0.38 mM BCIP {5-Bromo-4-chloro-3-indonyl-phosphate} and 0.41 mM NBT {4-Nitrobluetetrazolium-chloride})], the treated follicles were spread onto poly-L-lysine coated slides overlaid with mounting media. Samples were observed with an OLYMPUS BH-2 light microscope.
Western blotting
Adult flies (males and females without ovaries), larvae, ovaries and purified chorions were homogenized in the appropriate solubilization buffer, containing 6 M urea, 10 mM Tris-HCl pH 8.4, 1% SDS and 4% β-mercaptoethanol. The homogenates were centrifuged at 12.500 rpm (15.000x g) for 10 min, in order to obtain soluble proteins. An additional treatment of 20 min vortexing was performed in the case of the chorion preparations. All the protein extracts were resolved in a 12% SDS-PAGE denaturing gel electrophoresis, as described by Laemmli (1970) , on a BIORAD miniprotean apparatus. The separated proteins were electrotransferred onto a nitrocellulose membrane (Amersham), with a solution containing 25 mM Tris-base, 200 mM glycine, 20% methanol and 0.04% SDS. The bPxd peroxidase was immunodetected using a rabbit antirAePO polyclonal antibody, at a final dilution of 1:2000 in blocking buffer [TBS-T (TBS {Tris-Buffered Saline: 10 mM Tris-HCl pH 7.4, 150 mM NaCl} + 0.05% Tween-20) and 5% non-fat milk] and visualized using the ECL system (Amersham-Pharmacia).
Light microscopy (LM)
B. oleae ovaries were dissected in Ringer's solution. Whole ovaries, or separated follicles, of late developmental (choriogenic) stages where fixed for 120 min (at 4ºC) in PBS pH 7.2, containing 4% paraformaldehyde (electron microscopy grade, Polysciences Inc., Warrington, Pennsylvania, USA). Following fixation, the ovaries, or follicles, were washed twice for 20 min in PBS at 4ºC and incubated in PBS pH 7.2, containing 0.1 M glycine, for 90 min at 4ºC, in order to quench the free aldehyde groups. Afterwards, the samples were washed twice in PBS, properly dehydrated (through graded series of ethanol solutions) and finally embedded in Unicryl resin (British Biocell International, Cardiff, Wales, UK). The resin was UV-polymerized for 72 h at 4ºC. The Unicryl resin sections (1 µm thick) were placed onto poly-L-lysine covered slides and, after equilibration and blocking, incubated for 60 min, at room temperature, with the rabbit anti-rAePO polyclonal antibody, diluted 1:100 in blocking buffer. After rinsing the sections in TBS-T, the secondary antibody [goat antirabbit IgG-HRP (Amersham: NA-934)] was applied, diluted 1:30 in blocking buffer. The immunoreacting areas were revealed with 0.03% H 2 O 2 and 0.06% diaminobenzidine (DAB), in 50 mM Tris-HCl pH 7.6, for 5 min, without haematoxylin counterstaining. Mounted slides for LM immunodetections were examined with an OLYMPUS BH-2 light microscope.
Transmission electron microscopy (TEM)-immunogold labelling
B. oleae dissected ovaries, or follicles, were fixed, dehydrated and finally embedded in Unicryl resin, as described above. Appropriate sections were cut to silver interference colors (50-70 nm) and floated onto plain 400 mesh nickel grids (Pelco International, Redding, England, UK). The grids were subsequently processed for a TEM immunogold labelling approach, as previously described (Antonelou et al., 2003) . Briefly, the TEM sections were initially blocked in PBS, containing 3% fatty acid-free bovine serum albumin (BSA) and 0.1% Tween-20, for 45 min and subsequently incubated with the, mosquito-specific, rabbit anti-rAePO polyclonal antibody, diluted 1:20 in blocking solution for 90 min. After extensive washes in PBS, the treated grids were incubated with the goat anti-rabbit IgG conjugated to 10 nm gold particles secondary antibody (EM.GRHL10, British Biocell International, Cardiff, Wales, UK), diluted 1:150 in blocking solution for 60 min. Following the final washes with PBS and ddH 2 O, the sections were stained with a 3% aqueous uranyl acetate solution for 10 min and analyzed on a Phillips EM 300 electron microscope, operating at 80 kV. All the incubation and washing steps were carried out at room temperature. The applied immunolabelling negative controls (omission of the primary, or secondary, antibody) did not reveal any detectable immunoreactivity, demonstrating the specificity of our immunogold labelling protocol.
